Abstract-High-speed Mach-Zehnder interferometer silicon modulators were irradiated with neutrons and X-rays in two separate radiation tests. The devices were exposed to a total fluence of neutrons/cm and a total ionizing dose of 1.3 MGy; levels comparable to the worst radiation levels for a tracking detector after 10 years of operation at the High-Luminosity LHC. Our measurements indicate that the devices' performance does not significantly degrade after exposure to nonionizing radiation and begins to be affected by ionizing radiation after a dose of a few hundred kGy; the phase-shift for an applied reverse bias of 1 V is 10% of its preirradiated value after 600 kGy of received ionizing dose.
. Schematic of optical data transmission links currently used in LHC experiments. The on-detector optical receiver is composed of a III-V (InGaAs/ GaAs) photodiode and a trans-impedance amplifier (TIA), and the optical transmitter is composed of a III-V laser and laser-diode driver (LDD).
Compact Muon Solenoid (CMS) experiment a 1 MeV equivalent fluence in silicon ( ) of n and an ionizing dose of 500 kGy are expected over 10 years of operation. Work has started on identifying new technologies and optical components that could potentially meet the new requirements of the HL-LHC. Specifically components with lower power consumption, higher speeds, and smaller sizes than those used in the optical links installed at the LHC are currently being investigated for the next generation of optical links at the HL-LHC.
Of particular interest is identifying new devices or technologies that would allow the deployment of optical links in the silicon vertexing detectors where the radiation environment makes the use of electrical and optical links even more challenging. Both the vertical-cavity surface-emitting lasers (VCSELs) and p-i-n photodiodes used in the on-detector link components shown in Fig. 1 are not expected to survive in the harshest radiation environments of the HL-LHC. An alternative solution to the directly modulated VCSEL-based link is shown in Fig. 2 . In this approach, the VCSELs and p-i-n photodiodes are placed off-detector, in regions of the experiments where the radiation levels are less severe, and a voltage-driver and a silicon-based modulator are used to perform the electro-optic conversion necessary to transmit the data optically to the counting rooms.
The realization of such a link is challenging and requires a large research-and-development effort: from finding siliconbased optical components that survive in the harsh radiation environments of the inner detectors, to developing a radiationThis work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ Fig. 2 . Conceptual design of a Si-based link demonstrating how a silicon modulator could be used for data transmission at the HL-LHC. The on-detector optical transmitter is composed of a silicon-based modulator and a voltage driver (VD) qualified to operate in the radiation levels expected at the HL-LHC. Fig. 3 . Schematic view of the lateral pn phase-shifting diode used in the irradiated modulators after [3] .
hard voltage driver, and finally packaging the components in a low-mass and nonmagnetic package suitable for High Energy Physics (HEP) applications. We have taken an initial step in this process by investigating the effect of nonionizing and ionizing radiation on Mach-Zehnder silicon modulators designed by the Université Paris Sud and fabricated by ST Microelectronics and CEA-LETI. Accelerated radiation tests in which the devices were exposed to 20 MeV neutrons and 10 keV X-rays, radiation levels comparable to those expected after 10 years of HL-LHC operation in a tracker-type environment, were used to measure the effect of radiation on the leakage current and modulation efficiency of the devices.
II. MACH-ZEHNDER INTERFEROMETER SILICON MODULATOR
The modulators irradiated in this work were fabricated on a 300 mm CMOS platform and are based on lateral pn junctions [3] integrated into a 2.183-mm-long Mach-Zehnder interferometer. A schematic of the lateral pn phase-shifting diode is shown in Fig. 3 .
Modulation is achieved by applying a reverse bias to the phase-shifting diode. Phase modulation is obtained from the change in the effective refractive index of the device induced by the change in carrier densities [4] caused by reverse biasing the device. Incorporating the phase-shifting diode into the arms of a Mach-Zehnder interferometer converts the phase modulation of light traveling through the diode to amplitude modulation across the entire modulator.
The phase-shift ( ) obtained for a given reverse bias can be extracted from the measured spectral response of the MZI according to (1) where and are the measured wavelength-shift and Free Spectral Range of the MZI at an applied reverse bias of volts.
III. IRRADIATION TESTING
The effects of radiation on the performance of the modulators described in Section II were investigated in a series of radiation tests: a neutron irradiation to investigate the effects on nonionizing radiation on these devices, and an X-ray irradiation for ionizing radiation.
A. Irradiation Facilities
Below is a brief description of the two irradiation facilities used to investigate the effect of radiation on the modulators.
Neutron Irradiation Facility: The high-intensity 20 MeV neutron beam-line at the Cyclotron Resource Center (CRC) [5] in Louvain-La-Neuve was used to expose the two devices under test (DUTs) to a neutron fluence of n cm over a period of 16 h. The hardness factor (K) of the neutron spectrum produced at the CRC is used to convert the fluence expressed in n cm to a equivalent fluence according to n cm
The hardness factor, , is calculated from the spectrum of neutrons produced at the CRC and is equal to 1.95 [6] . Neutron interactions occurring in the DUTs can lead to the production of secondary ionizing particles in the samples. A Geant4 [7] simulation was carried out to approximate the total ionizing dose (TID) received by the DUTs from the neutron spectrum available at the CRC. A TID of 10 kGy was calculated for a fluence of n cm . X-Ray Irradiation Facility: The X-ray irradiation system [8] at CERN was used to expose the modulators to a total ionizing dose of 1.3 MGy. The X-ray generator produces X-rays with peak energies around 10 keV. The alignment system of the machine was used to center the beam on the modulator under test and to position the tube such that the DUTs were exposed to ionizing radiation at a dose-rate of approximately 1.1 kGy/min.
B. Irradiated Samples
A list of the irradiated samples and the doses/fluences received by each device is shown in Table I .
C. Measurement Setup
In order to perform online measurements of the effect of radiation on the DUTs' performance the Packaging and Assembly Group at CEA-LETI [9] attached single-mode (SMF-28) fibers to gratings couplers located on the same test structures as the Mach-Zehnder modulators. A 1550 nm broadband SLED, an optical spectrum analyzer (OSA), and a picoammeter/voltage source placed outside the radiation zones were used to record the spectral response and current-voltage characteristics of the DUTs using the setup shown in Fig. 4 .
We consider the radiation-induced degradation in the fibers used to couple light into the DUTs to be negligible; previous studies (e.g., [10] ) have shown radiation-induced attenuation in commercial SMF-28 fiber to be less than dB/m in radiation environments similar to those considered here, and in our measurement setups only a very small amount of fiber (much less than m) was placed in the area of high radiation.
The spectral response and reverse current of the devices were recorded for bias voltages between 0 and 5 V, in steps of 1 V, every 20 min during the irradiation periods. Data-taking continued for 50 h after the end of the irradiation in order to capture any possible recovery in the DUTs postirradiation. All measurements were performed with the devices at room temperature, although PT100 temperature sensors were placed on the DUTs to monitor their temperature during the tests. Unfortunately, during the neutron irradiation the sensors did not work, and therefore we have no information concerning the temperature of these DUTs during the neutron irradiation.
D. Characterizing Modulator Performance
The measurement setup described in the previous section allowed us to measure the spectral response of the DUTs during irradiation; to measure the true transmission of the DUTs test structures without the phase-shifting diodes would have to be measured at the same time to account for coupling loss in the gratings and absorption loss in the silicon waveguides. No such structures were available on the provided samples; therefore, we decided to measure the spectral response (i.e., the absolute optical power at the output port of the MZI) during the radiation tests and use a numerical fit to extract the transmission of the MZIs from the measured data. The measured optical spectra (an example of which is shown in Fig. 5 ) were fitted with (3) (4) (5) describing the transmission ( ) of an interferometer [11] and the Gaussian-like profile of the SLED's output ( ). The transmission of the MZI is described by two constants which represent the phase ( ) of the interferometer at 0 V and the change at reverse biases of 0 and 2 V as extracted from the measured optical response of a DUT preirradiation. The phase-shift and the OMA can be calculated using information from , as shown here.
in phase ( ) due to reverse biasing the MZI. The Gaussian-like profile of the SLED is described by the central wavelength ( ) and the width of the SLED's output. The transmission of the DUTs, , was then used to extract quantities describing the modulators' performance during irradiation. The two parameters chosen to describe the modulators' performance were the optical modulation amplitude (OMA) (which we have defined here to be the difference between the transmission of the DUTs at 0 and 2 V) and the phase-shift [ per (1)] obtained at a given reverse bias. Fig. 6 illustrates an example of how the OMA and phase-shift of a device can be calculated from the transmission.
IV. RESULTS
The results from both the neutron and X-ray irradiations performed on the modulators are presented and discussed in the following section. The response of samples A1 and A2 irradiated in the neutron test were identical; therefore we will use sample A1 to demonstrate the effect of neutron irradiation on the DUTs performance.
A. Effect of Radiation on Leakage Current
The effect of nonionizing and ionizing radiation on the leakage current of the devices is shown in Fig. 7 . Fig. 7 . Effect of (a) nonionizing and (b) ionizing radiation on reverse -of DUTs. (a) Reverse -curves before and immediately after the neutron irradiation. -curves were taken with some light shining on the devices. Therefore, the leakage current is contaminated by photocurrent of devices. (b) Reversecurves during X-ray irradiation. In addition to curves collected at the start and end of the X-ray irradiation a curve at an intermediate value of 10 kGy is shown here. This is the value closest to our calculation for the approximate dose received during the neutron irradiation.
The difference in the shapes of the -curves from the two tests is due to a light-leak in our setup during the neutron irradiation. The DUTs are p-n silicon diodes which can act as photodetectors, and therefore any light-contamination in the measurement setup will affect the measured leakage current. The fault in the setup was identified after the neutron irradiation and corrected for all subsequent irradiations. We observe an increase in the leakage current of the DUTs following both the neutron and X-ray irradiations (Fig. 8) .
Previous work on the effect of radiation on silicon used for particle detectors [12] in high-energy physics has shown that damage caused by nonionizing particles, such as neutrons, causes the introduction of generation-recombination centers in the band-gap of silicon. These radiation-induced defects decrease the carrier lifetime and increase the junction leakage current [13] . Ionizing radiation can also increase the leakage current in a silicon-on-insulator (SOI) structure by causing charge-build up in the oxide and introducing interface traps in the SiO Si layer which introduce additional leakage paths in the device and increase the leakage current of the DUTs [14] . Therefore, we conclude that the increase in the leakage current, i.e., the reverse -characteristic of the DUTs, observed in the neutron and X-ray irradiations is inconsistent with the damage mechanisms known to affect silicon diodes.
The measured increase in the leakage current of two irradiated DUTs during the neutron and X-ray tests is shown in Fig. 8 . It shows that at the expected neutron fluence and ionizing dose at the HL-LHC the devices' leakage current will increase by 22 and 12 nA, respectively. For comparison, the increase in leakage current expected for InGaAs photodiodes used in the on-detector receivers of the optical links currently installed at the LHC is of the order of a few microamperes [15] .
Postirradiation measurements also indicate that a fraction of the radiation-induced damage affecting the leakage current anneals (Fig. 9) . The remaining damage factor ( ), defined in (6) where is the recovery time in hours, is shown for thecurves obtained after the end of the irradiation period.
Making a direct comparison between the rate at which the devices recover is difficult, because any annealing process will be temperature dependent [16] , and due to the problem with the PT100 sensors (see Section III-C) the temperatures of the DUTs during the neutron irradiation were unknown. However, the partial recovery of the leakage current implies that the expected increase in leakage current for a HL-LHC environment will be lower than that measured during the accelerated neutron and X-ray tests shown here.
B. Effect of Radiation on Modulation Efficiency
The effect of nonionizing and ionizing radiation on the transmission of the devices is shown in Fig. 10 and Fig. 11 . At the end of the neutron irradiation a very small shift in the transmission is observed at all bias voltages, but the device is still modulating (Fig. 10) . The devices are no longer operational after the end of the X-ray irradiation; biasing the device no longer results in a wavelength shift in the device's transmission as shown by Fig. 11 . This is shown more clearly in Fig. 12 where the relative phase shift, normalized to its preirradiation value, produced by the DUTs for applied reverse biases of 1, 3, and 5 V is shown for devices A1 and B1.
We refer back to the structure of the MZI modulator as described in Section II to explain the differences in the response of the DUTs to the two types of radiation used in this work. The n and p doping levels of the diodes used in the arms of the interferometer are relatively high, on the order of , because of the weak dependence of the refractive index of silicon on density of free-carriers [4] . Nonionizing energy is known to change the effective doping concentration of irradiated silicon detectors [12] . The doping levels typically used in silicon detectors are orders of magnitude lower than those used in the MZIs; therefore, we expect the impact of changes to the doping concentration of the phase-shifting diodes to be much smaller than those observed in silicon detectors. Since the modulation efficiency is dependent on the availability of free-carriers in the junction it, as we have observed here, should also be relatively unaffected by damage from nonionizing energy loss.
The sensitivity of the devices to ionizing radiation we attribute to the presence of the large top and buried oxides in the MZIs. As mentioned in the previous section, ionizing radiation can create both trapped charge and interface traps in the oxide layers of SOI devices. This can affect the location of free carriers in the silicon waveguide and thereby change the phase-shift achieved for a given applied reverse bias in the DUTs. The shape of the change in the phase-shift as a function of received dose and the dependence of the effect on the reverse bias applied to the device, both evident in Fig. 12 , is currently not well understood but is being investigated with electro-optic simulations of the devices' performance during irradiation. Fig. 13 shows that during the recovery period the modulation efficiency of the neutron-irradiated device returns to its preirradiation values, and almost no recovery is recorded for the X-ray-irradiated device.
V. CONCLUSIONS
Optical data-transmission technologies for use in future optical links at the HL-LHC are currently being investigated. One of the promising new technologies being looked at is silicon photonics. As a first test of their suitability for HEP environments Si-based optical modulators provided by the Université Paris Sud and manufactured by ST Microelectronics and CEA-LETI were subjected to ionizing and nonionizing radiation using the high-intensity neutron facility at Louvain-la-Neuve and the X-ray irradiation facility ay CERN. The devices were exposed to a 1 MeV equivalent fluence of n cm and a TID of 1.3 MGy. The radiation tests carried out on the modulators show that while nonionizing radiation does not significantly degrade the performance of the modulators they are sensitive to ionizing radiation. The phase-shift obtained at a given bias voltage begins to decrease after exposure to a few hundred kGy of TID, and the device no longer behaves as a modulator after exposure to a MGy of TID.
As a first approximation of the system-level impact expected from the changes to the modulation efficiency observed during the radiation tests we have chosen to look at the effect of radiation on the OMA (Fig. 14) , assuming a fixed operating wavelength of 1550 nm. Assuming a maximum allowed radiation-induced change in OMA of 3 dB we can conclude that for this device and operating wavelength a modulator-based link would still work at the radiation environments expected at the HL-LHC. However, we have not been able to demonstrate that the devices can survive beyond the radiation levels expected at the inner tracker (i.e., for pixel-like applications).
A comparison between a silicon-modulator scheme and the traditional VCSEL-based links shown in Section I is beyond the scope of this paper and can only be considered in detail once the effect of radiation on the building blocks of a modulator-based link have been understood. However we think that with these first radiation tests we have shown that the carrier-depletion silicon modulators irradiated here are not to be immediately dismissed for use in the HL-LHC environments. The irradiated MZIs were operational up-to the radiation environments expected for tracker-type applications at the HL-LHC. To further our understanding of the effects of radiation on these devices, we plan on irradiating more of these devices to a higher neutron fluence to confirm our assumptions that the devices are immune to damage from nonionizing energy loss. In addition, low-dose-rate X-ray irradiation is planned to investigate the dose-rate dependence of the ionizing damage and place a more concrete limit on the maximum level of ionizing radiation that these devices can withstand. In addition, electrical and optical simulations of the devices will be carried out to identify design parameters in the modulators that affect their sensitivity to ionizing radiation and potentially suggest methods of improving their radiation resistance.
